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INTRODUCTION

The epidermal growth factor receptor (EGFR) is a member of the erbB family of receptor
tyrosine kinases (RTKs)(1,2). These receptors and their cognate ligands are frequently
overexpressed in human tumors(3), contributing to inappropriate activation of cell growth
and thus cancer(4-7). No secreted or extracellular ErbB receptor inhibitors have been
reported in mammals. However, two natural inhibitors of the highly homologous
Drosophila EGF receptor (DER) (8,9) are found in Drosophila melanogaster(10,11).
One (Argos) resembles a growth factor(12), the other (Kekkon) is a transmembrane
protein(13). My research proposal therefore focuses on obtaining a detailed mechanistic
and structural understanding of how Argos and Kekkon function to antagonize DER
activity. I will also investigate leads that I have identified for possibly human orthologs
of these molecules. The mechanistic and structural studies described herein will help in
the rational design of efficient inhibitors for human EGFR and ErbB2 that will be useful
in treating breast cancer.

BODY

Aim 1. How do Argos and Kekkon bind to the Drosophila EGF receptor (DER) ?
(Months 1-10)

To determine how Argos and Kekkon inhibit the Drosophila EGF receptor (DER) an
efficient system for the production and purification of the extracellular domains of Argos,
Kekkon, DER, and a DER agonist (Spitz) first needed to be developed. I have subcloned
the entire Argos cDNA (with a C-termmal 6x histidine tag) behind the metallothionein
promoter of a pMT vector, for Cu?* inducible expression in Drosophila Schneider 2 cells.
I have established a stable cell line that expresses histidine-tagged Argos, and can now
produce milligram quantities of protein. The protein is first purified by utilizing the
nickel binding (6x histidine) tag using a Ni-NTA matrix for immobilized-metal affinity
chromatography (IMAC). This procedure is then followed by a size exclusion gel
filtration chromatography purification step that yields protein of greater than 90% purity.
Similar production strategies have been employed for the successful production of the
extracellular or secreted forms of the Drosophila EGF receptor, Kekkon (1 and 2) and
Spitz. Stable cell lines of each protein have been developed and milligram quantities of
each protein can be purifed(14).

Using surface plasmon resonance (SPI-BIAcore) technology I have investigated the
binding of secreted Spitz and Argos to a secreted extracellular form of DER (sDER).
The ligand (either Spitz or Argos) was immobilized on a CM5 biosensor chip using
standard amine-coupling chemistry, and purified sDER as analyte was passed over this
surface at a series of different concentrations to generate an equilibrium binding curve.
This approach has been previously used extensively in the Lemmon laboratory to analyze
binding of mammalian ErbB ligands to their receptor extracellular domains. Our results
show that Spitz binds to SDER with a Kd of ~160nM (Figure 1c, 14), which is very
similar to the reported Kd’s of human EGF to the human EGF receptor ~130nM.
However, we could not detect any binding of Argos to sDER (Figure 1a, 14). To our




surprise, and contrary to popular belief(15-18) Spitz bound to the same immobilized
Argos chip with an affinity nearly 10 times stronger than the Spitz-sDER interaction
(Figure 1b, 14). Reversing the experiment, with immobilized sDER as the prepared
surface, we again were able to see binding of Spitz to sDER but Argos failed to give any
response to the receptor chip.

Figure 1 Quantitative analysis of
Spitz/Argos interactions. a, SPR
sensorgrams show that Spitz (at 1 uM,
solid line), but not sDER2 (at 1 uM, dotted
line) binds immobilized Argos. b,
Representative binding curves for
interaction of soluble Argos with
immobilized Spitz (filled triangles) and
immobilized sDER2 (open triangles). ¢,
sDER2 binds immobilized Spitz (filled
squares) but not immobilized Argos (open
squares). d, In analytical
ultracentrifugation, Argos (open triangles)
sediments at 48.8 *4.3 kDa (47.6 kDa
expected without glycosylation), whereas
Spitz (diamonds) sediments as a 16.2 =
- 1.7 kDa species (11.8 kDa expected
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Aim 2. Do the inhibitors compete with agonists for binding to the receptor ?
(Months6-10)

Our initial surface plasmon resonance experiments revealed that Argos will not compete
with Spitz for binding to the receptor. Because we determined that both Argos and sDER
bind to Spitz we hypothesized that they may compete for the same binding site on Spitz.
Therefore our competition studies focused on agonist binding rather than receptor
binding. A surface of SDER was prepared and an analyte of 250nM Spitz was passed
over this surface and gave a response of ~600 RUs. Then an increasing amount of Argos
was added to the analyte while the Spitz concentration was held constant at 250nM. The
addition of increasing amounts of Argos progressively reduced the signal response until
ultimately no response was detected when the ratio of Argos to Spitz was ~1.1 (Figure 2a,
14). Since the response units are directly related to the mass bound to the surface, the
only explanation for the given result is that Argos sequesters Spitz away and prevents it



from interacting with the sDER surface. The finding that this interaction is abolished at
equimolar concentrations of agonist and inhibitor (when performed at greater than 10
times Kd) demonstrate that the stoichiometry of the interaction in solution is 1:1.

To examine the ability of Argos to act as a ligand sink in a cellular context we used a
Drosophila S2 cell line that expresses DER. Addition of Spitz at concentrations of 10nM,
50nM, or 100nM induced robust activation of the receptor as detected by an antibody that
recognizes DER tyrosine autophosphorylation. Then, consistent with the biosensor
analysis, increasing amounts of Argos progressively inhibited the autoactivation of the
receptor (Figure 2b, 14). The finding that a 5 fold or greater amount of Argos is needed
for complete inhibition in the cellular context suggests that Spitz binds tighter to the cell

surface than in the biosensor analysis (this has been shown to be true for the human
system).

Figure 2 Argos sequesters Spitz away
from DER. a, Binding to immobilized
sDER2 was measured for samples
containing 250 nM Spitz and the
indicated mole fraction of Argos.
Binding is abolished when Argos is in
excess. Mean £s.d. (n23) is shown.
b, Western blot showing robust Spitz-
induced tyrosine phosphorylation of
DER?2 expressed in S2 cells and the
effect of adding different
concentrations of Argos, using an anti-
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Aim 3. Do Argos and Kekkon directly inhibit dimerization of DER ? (Months 8-12)

Analytical sedimentation equilibrium ultracentrifugation studies show that sDER runs at
its monomeric size. Upon addition of a 1.2 fold excess of Spitz this size approximately
doubles, revealing that the expected 1:1 interaction of Spitz to sSDER causes dimerization
of the extracellular portion of the receptor (Figure le, 14). Spitz alone runs at
approximately 16kD, slightly above the predicted 12kD but consistent with several
predicted glycosylation sites. Argos sediments very near its predicted size of 48kD. An
equimolar mixture of Argos and Spitz sediments at nearly 60kD, further demonstrating
the 1:1 stoichiometry of the complex (Figure 1d, 14).




Aim 4. Do the inhibitors prevent 'unlocking' of the DER autoinhibited form ?
(Months 12-24)

Mutants of sDER that should prevent dimerization and/or tethering (based upon
homology to the human receptors) have been cloned and expressed in the same manner as
wild type sDER. Future studies will use BIAcore, analytical ultracentrifugation and
cellular activation studies to compare ligand binding and dimerization characteristics with
those of the wild-type protein. Thus, we will be able to determine if DER undergoes the
same autoinhibition that is found in the human system and if Kekkon helps to stabilize
such an inhibition and prevent ‘unlocking’ of the receptor.

Aim 5. Do the putative human Argos and Kekkon homologs that I have inhibit
human erbB receptors ? (Months 10-32)

To further investigate if the putative human Argos and Kekkon homologs that I have
found inhibit human ErbB receptors, I have first generated stable cell lines that express
IGFBP-rP1 and the extracellular region of NAG-L in a similar manner to the production
of Argos and Kekkon. Future studies will employ biosensor analysis to investigate the
potential interaction of the putative homologs with the human receptor and agonists.

Aim 6. What is the structural basis for DER inhibition by Argos and Kekkon ?
(Months 6-36)

The discovery of Argos as a ligand ‘sink’ has prompted us to focus on the structure this
novel interaction. Attempts have been made to produce non glycosylated versions of
Spitz and Argos. Crystal screens are ready to be started. The structural basis for DER
inhibition by Kekkon will also be investigated alongside biochemical studies by
attempting to solve the structure of that complex.

Key Research Accomplishments

e Ability to produce and purifiy milligram quantities of sDER, Argos, Spitz and
Kekkon.

e Demonstration that purified Spitz binds to SDER with a Kd comparable to that of
the human system in biosensor analysis and can cause dimerization of SDER as
analyzed by analytical ultracentrifugation. Also, we show that purified Spitz can
lead to autophophorylation of DER expressed in S2 cells.

¢ Discovery that Argos does not bind to DER in biosensor or ultracentrifuge studies,
nor does Argos bind to the cell surface in a DER dependent manner. Furthermore,
we reveal that Argos binds to Spitz and prevents its interaction with DER. Thus,




Argos represents a novel ligand sequestration mechanism for inhibiting EGFR
signalling.

e Ability to produce and purify putative human Argos and Kekkon homologs
(IGFBP-rP1 and the extracellular region of NAG-L).

Reportable Qutcomes

e Original Research Publication
Klein DE, Nappi VM, Reeves GT, Shvartsman SY, & Lemmon MA
Argos inhibits EGFR signalling by ligand sequestration.
Nature 430, 1040-1044; 26 August (2004).

o Research Highlight
Bussell B. Signal Transduction- Take it away.
Nature Reviews Molecular Cell Biology 5, 775 (2004)

e Research Highlight

Argos is a Spitz sink.
Science’s STKE, Vol. 2004, Issue 248, pp. tw308, 31 August (2004).

CONCLUSIONS

Our studies have uncovered a novel mechanism of EGF receptor inhibition. In our
examination into the mechanism of inhibition of DER by Argos we unexpectedly
discovered that Argos functions as a ligand sink rather than a competitive antagonist or
inverse agonist of the receptor as previously thought(14). This type of inhibition is
unprecedented in the EGF family but is consistent with other known extracellular
receptor inhibitors (e.g. IGF-Binding Proteins, Noggin, Chordin, Cerberus)(19). Future
studies will address the specificity of inhibition of Argos for the remaining 3 ligands in
Drosophila, and whether a mammalian Argos like molecule exists. Finally, our
demonstration that ligand sequestration can efficiently regulate the EGFR axis may
provide a basis for the development of future therapies that neutralize erbB receptor
agonists when such overexpression contributes to oncologic processes.




REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Schlessinger, J. Cell signaling by RTKs. Cell. 2000 Oct 13;103(2):211-25.

Weiss, A and Schlessinger, J. Switching signals on or off by receptor dimerization. Cell. 1998
Aug 7;94(3):277-80.

Suo, Z et al. The expression of EGFR family ligands in breast carcinomas. Int J Surg Pathol.
(2002) Apr; 10(2):91-9.

Normanno, N et al. Target based agents against ErbB receptors. Endocrine Related Cancer
(2003) 10; 1-21.

Thomas, C. et al. Spontaneous activation of signaling by overexpressed EGFR in glioblastoma
cells. Int. J. Cancer: 104, 19-27 (2003).

Mendelsohn, J and Baselga, J. The EGF receptor family as targets for cancer therapy. Oncogene
19 (2000), pp. 6550-6565.

Morri,s C. The role of EGFR directed therapy in the treatment of breast cancer. Breast Cancer
Res Treat (2002) Oct;75 Suppl 1:S51-9.

Ferguson, K et al. EGF activates its receptor by removing interactions that autoinhibit
ectodomain dimerization. Mol Cell. 2003 Feb;11(2):507-17.

Schlessinger, J. Autoinhibition control. Science. 2003 May;2(300):750-2.

Shilo, B. Signaling by the Drosophila EGFR during development. Exp Cell Research. 2003
284:140-9.

Casci, T and Freeman, M. Contro! of EGFR: Lessons from fruitflies. Cancer and Met Reviews.
18:181-201. 2003.

Schweitzer, R. et al. Inhibition of DER by Argos. Nature. (1995) 376; 699-702.
Ghiglione, C. et al. Kekkon negatively regulates DER during oogenesis. Cell. (1999) 96;847-56.

Klein DE, Nappi VM, Reeves GT, Shvartsman SY, & Lemmon MA. Argos inhibits epidermal
growth factor receptor signalling by ligand sequestration. Nature 2004 Aug 26; (430) 1040-1044.

Jin, M. et al. The interaction between Argos and DER inhibits dimerization and binding of Spitz.
Mol Cell Biology. 2000. (20);6 2098-2107.

Vinos, J and Freeman, M. Argos is an antagonist of EGFR. Oncogene. (2000) 19, 3560-2.
Schnepp, B et al. EGFR swap converts activator into inhibitor. Genes & Dev. (1998) 12:908-913.

van de Poll, M et al. Insertion of Argos into EGFR results in low affinity agonist. Biochemistry.
(1997) 36; 7425-31.

Groppe, J. et al. Structural basis of BMP signalling inhibition by the cystine knot protein Noggin.
Nature 420, 636-642 (2002)




letters to nature

Acknowledgements We thank M. van der Valk and J.-Y. Song for help with animal pathology and
experiments; . Mesman, J. Bulthuis, K. de Goeij and M. Tjin-a-Koeng for histotechnical analysis;
and L. Rijswijk, F. van der Ahé, H. Grimminck and L. Tolkamp for help with oncogenicity
experiments and animal husbandry. We thank E. Koh and G. Daley for providing pEYK libraries;
R. Beauchamp for RIE cells; K. Berns. B, Burgering, E. Danen, R. van der Kammen, R. Kortlever,
S. Lens, E Scheeren, S, Tait, E. de Vries and A, Wemer for various reagents; R. Bernards, J. Borst,
J. Collard, J. Hilkens, W. Mooi, E. Roos, A. Sonncnberg, as well as the members of our laboratory
and division, for helpful discussions; and M, van Lohuizen and A, Berns for suggestions and
critical reading of the manuscript. D.S.P. and T.L. were supported by the Netherlands
Organization for Scientific Research (NWO),

Competing interests statement The authors declare that they have no competing financial
interests.

Correspondence and requests for materials should be addressed to D.S.P. (d.peeper@nki.nl).

L R R R Y
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The epidermal growth factor receptor (EGFR) has critical func-
tions in development and in many human cancers'> During
development, the spatial extent of EGFR signalling is regulated
by feedback loops comprising both well-understood activators
and less well-characterized inhibitors**, In Drosophila melano-
gaster the secreted protein Argos functions as the only known
extracellular inhibitor of EGFR®, with clearly identified roles in
multiple stages of development’. Argos is only expressed when
the Drosophila EGFR (DER) is activated at high levels®, and
downregulates further DER signalling. Although there is ample
genetic evidence that Argos inhibits DER activation, the bio-
chemical mechanism has not been established. Here we show that
Argos inhibits DER signalling without interacting directly with
the receptor, but instead by sequestering the DER-activating
ligand Spitz. Argos binds tightly to the EGF motif of Spitz and
forms a 1:1 (Spitz:Argos) complex that does not bind DER in vitro
or at the cell surface. Our results provide an insight into the
mechanism of Argos function, and suggest new strategies for
EGFR inhibitor design.

Argos is a secreted Drosophila protein comprising 444 amino
acids that has an atypical EGF-like motif at its carboxy terminus’.
Argos was genetically identified as an inhibitor of DER signalling®*,
Its expression is induced by DER activation®, constituting a
negative feedback mechanism that is involved in more than ten
distinct DER-dependent processes during Drosophila development?®.
Several reports have argued that Argos interacts directly with DER
to inhibit its signalling®>'°, leading us to hypothesize that Argos
stabilizes an autoinhibited receptor configuration such as that
revealed in our recent crystallographic studies of human EGFR.

To investigate how Argos inhibits DER signalling, we purified
recombinant secreted Argos, Spitz (a TGFu-like DER-activating
ligand®) and the DER2 extracellular region (sDER2) from trans-
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fected Drosophila Schneider-2 (S2) cells. Contrary to our expec-
tations, sSDER2 completely failed to interact with immobilized
Argos in surface plasmon resonance (SPR) studies (Fig. la).
Unexpectedly, Spitz bound to the same immobilized Argos with
high affinity (Fig. la). These observations were not artefacts of
Argos immobilization, as soluble Argos also bound strongly to
immobilized Spitz (K4 = 20 * 3 nM) and did not bind to immobi-
lized sDER2 (Fig. 1b). As shown in Fig. 1b and lc, immobilized
Spitz binds ~tenfold more strongly to Argos than to sDER2 (K, for
Spitz binding by sDER2 was 157 * 37 nM, compared with 132 nM
for EGF binding by human sEGFR"). Furthermore analytical
ultracentrifugation experiments showed that Argos and Spitz
form a (monomeric) 1:1 complex in solution (Fig. 1d), and that
Spitz induces the expected sSDER2 dimerization (Fig. le). Thus, SPR
and analytical ultracentrifugation experiments demonstrate that
Argos binds directly to the activating ligand Spitz (and not to DER
itself), in direct contrast to what was previously suggested from less
quantitative studies>®'°. As shown in Supplementary Fig. S1, we
identified the Argos binding site as the EGF-like domain of Spitz
(residues 78-141), and found that Spitz binds to the C-terminal 220
amino acids of Argos, consistent with the ability of this Argos
fragment to rescue loss-of-function alleles in vivo'?,

Because Argos and DER both bind the EGF-like domain of Spitz,
we hypothesized that they may compete with one another for the
same binding site on Spitz. Argos could thus ‘sequester’ Spitz away
from DER by blocking the receptor-binding site on the activating
ligand. This model has precedents in insulin-like growth factor
(IGF)-binding proteins' and bone morphogenetic protein (BMP)
antagonists', which both sequester their target ligands in this way.
To test this hypothesis, we analysed the effect of added Argos on
Spitz binding to immobilized sDER2 (Fig. 2a). On its own, Spitz (at
250 nM) bound immobilized sDER2 to give an SPR binding signal
of ~600 response units (RUs). The addition of increasing amounts
of Argos (to a fixed Spitz concentration) progressively reduced this
signal until it reached zero, when Argos was present in slight excess
(z1.1-fold). Because binding of either Spitz or Argos to immobi-
lized sDER2 would contribute to the SPR signal, these results can
only be explained if Argos binds directly to Spitz in solution (and
not at all to immobilized sDER2), and thus blocks Spitz binding to
the receptor. The finding that sSDER2 binding is abolished when
Argos and Spitz are approximately equimolar (performed at 12
times K 4 for the Argos—Spitz interaction) is consistent with the 1:1
(Argos:Spitz) stoichiometry measured in Fig. 1d. We therefore
conclude that Argos can act as a ligand ‘sink’ that efficiently
sequesters Spitz in an inactive 1:1 complex and prevents Spitz
from binding its receptor.

We next investigated whether Argos can act as a ligand sink in a
cellular context. Addition of Spitz at 10nM, 50nM or 100nM
induces robust tyrosine autophosphorylation of DER2 expressed in
82 cells (Fig. 2b), and this is progressively inhibited by increasing
amounts of Argos. As expected if Argos inhibits DER signalling by
sequestering Spitz into an inactive complex, when more Spitz is
present in Fig. 2b, more Argos is required to prevent it all from
receptor binding. The requirement for a larger excess of Argos over
Spitz (~fivefold) in this experiment compared with Fig. 2a suggests
that Spitz binds more strongly to cell surface DER2 than to
immobilized sDER2 (this is known to be true in the human EGF
system'?).

To. visualize Spitz and Argos at the cell surface, we labelled
recombinant proteins with Alexa Fluor-4388 and -633 respectively,
using the same chemistry as employed for SPR immobilization. As
shown in Fig. 2¢, fluorescently labelled Spitz—488 was seen clearly at
the plasma membrane (and in compartments likely to represent
endosomes) in ~40% of living D2f cells (approximately 50% of D2f
cells expressed DER2 when analysed by FACS), but was not seen in
parental S2 cells (that do not express DER). In contrast, fluorescent
Argos—633 showed no DER-dependent binding to the cell surface.
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Argos—633 was instead found at the surface of all $2 and D2f cells,
regardless of DER expression, in a punctate pattern (see below).
Thus, Argos binds neither to the isolated DER?2 extracellular region
(Fig. 1) nor to intact DER?2 present at the cell surface (Fig. 2¢). In an
experiment analogous to the in vitro titration shown in Fig. 2a, we
investigated whether Argos prevented Spitz—488 binding to the
surface of DER2-expressing S2 cells. As shown in Fig. 2d, binding
of Spitz—488 to DER?2 at the cell surface was greatly reduced if it was
added together with a fivefold excess of Argos—as expected if Argos
functions as a ligand sink. '

To gain additional insight into the mechanism of Argos action at
the cell surface, we performed order-of-addition experiments. Excess
Argos (tenfold) completely prevented both DER activation (Fig. 3a)
and cell surface Spitz—488 binding (Fig. 3b) if it was added before
Spitz (Aos — Spi), or as an Argos/Spitz mixture. However, if cells
were first exposed to Spitz—488 alone, washed, and then treated with
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excess Argos, DER activation was detected (Fig. 3a, Spi — Aos) and
Spitz—488 remained bound to the cell surface (Fig. 3b, Spi — Aos).
Thus, although Argos binds efficiently to free Spitz in solution and
prevents it from binding the receptor, Argos did not seem to
dissociate Spitz from pre-formed Spitz—DER complexes at the cell
surface (on the time scale of these experiments). Under the
conditions used here (with incubations on ice), activated DER
would not be clustered into coated pits'®, so would not be physically
occluded from access to Argos. Experiments with human EGF using
fluorescence-recovery-after-photobleaching'” indicate that ligand
bound to activated (dimeric) EGFR exchanges very slowly, even
before aggregation into coated pits. A similar slow exchange of
DER-bound Spitz probably explains the lack of reversibility seen in
our experiments. In longer time-course experiments (over 30 min at
25°C), cell surface-associated Spitz—488 was internalized rather
than being dissociated by excess Argos in the medium (data not
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Figure 1 Quantitative analysis of Spitz/Argos interactions. a, SPR sensorgrams show that
Spitz (at 1 wM, solid fine), but not SDER2 (at 1 uM, dotted ling) binds immobilized Argos.
b, Representative binding curves for interaction of spluble Argos with immobilized Spitz
(filled triangles) and immobilized sDER2 (open triangles). ¢, SDER2 hinds immobitized
Spitz (filled squares) but not immobilized Argos {open squares). d, In analytical
ultracentrifugation, Argos {open triangles) sediments at 48.8 = 4.3kDa (47.6 kDa
expected without glycosylation), whereas Spitz {diamonds) sediments as a
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16.2 * 1.7kDa species (11.8kDa expected without glycosylation). Equimolar Argos/
Spitz mixtures fit best to a single ~59 kDa species (filled triangles). The grey straight line
represents expected results for a 1:1 Argos:Spitz complex. e, sDER? (open circles)
sediments as a 101.8 = 0.6 kDa species, which approximately doubles upon adding a
1.2-fold excess of Spitz {filled circles); Spitz alone (diamonds) sediments as in d. The grey
line represents expected results for an sDER2 dimer,
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Figure 2 Argos sequesters Spitz away from DER. a, Binding to immobilized sDER2 was
measured for samplas containing 260 nM Spitz and the indicated mole fraction of Argos.
Binding is abolished when Argos is in excess. Mean =+ s.d. (n = 3)is shown, b, Western
blot showing robust Spitz-induced tyrosine phosphorylation of DER2 expressed in S2 cells
and the effect of adding different concentrations of Argos, using an anti-phosphotyrosing
antibody (anti-pY, left panels). Western blot showing DER2 protein levels using an anti-
DER? antibody (right panels). ¢, Spitz—488 binds to the ~40% of living D2f cells that
express DER, but not to parental S2 cells. Argos—-633 gives an identical punctate staining
pattern on both parental and DER-expressing S2 cells, which Is largely abolished by
10 g mi™" fow-molecular-weight heparin. d, A fivefold excess of Argos prevents cell-
surface labelling by Spitz—488. Mean fluorescence intensity is defined in the Methods.
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shown). We therefore conclude that Argos efficiently blocks the
initiation of DER activation by Spitz (by acting as a sink for soluble
ligand), but does not reverse DER activation once underway. The
activated receptor is internalized before bound Spitz can dissociate
and interact with Argos. As receptor-bound Spitz seems to be less
susceptible to Argos inhibition than free Spitz, this finding also
lends further support to the argument that Argos does not exert its
effects through DER binding.

The punctate distribution of Argos—633 on the surface of all S2
and D2f cells (Fig. 2¢) resembles that seen for Noggin, a BMP
antagonist reported to bind heparan sulphate proteoglycans
(HSPGs) at the cell surface’. Like Noggin'®, we found that Argos
could be dissociated from the cell surface by adding excess low-
molecular-weight (5kDa) heparin (Fig. 2¢), and also that it could
bind efficiently to heparin-sepharose beads (Fig. 3¢). However, low-
molecular-weight heparin did not mimic all properties of the cell
surface Argos binding site. Excess heparin did not prevent Argos
from blocking DER activation by Spitz in Fig. 3a, and Argos-Spitz
complexes seemed to bind heparin-sepharose beads (Fig. 3¢). By
contrast, the experiments in Figs 2d and 3b argue that cell surface
associated Argos does not bind Spitz. If it did, Spitz—488 should
bind to parental S2 cells in an Argos-dependent manner—a possi-
bility that our experiments in Fig. 3b rule out. Heparin frequently
fails to mimic all aspects of physiological interactions with cell
surface HSPGs, which may involve specific oligosaccharide
sequences not found in heparin'® and/or may require contacts
with the HSPG protein core®. Such specific interactions may be
responsible for preventing cell surface Argos from binding Spitz,
and their further characterization awaits identification of the cell
surface binding partner for Argos.

Our in vitro and cellular findings refute previous suggestions that
Argos is an antagonistic ligand (or inverse agonist) of DER™®. The
only evidence for direct Argos-DER interactions came from a
chemical crosslinking study® and weak SPR signals that may
represent non-specific background binding’. To our knowledge,
Argos—Spitz interactions have not previously been analysed. As a
direct DER antagonist (or inverse agonist), Argos would be unpre-
cedented in receptor tyrosine kinase signalling. In fact, across all
receptors with a single membrane span, we know of only one
inhibitor that functions in this way; the interleukin-1 receptor
antagonist (IL-1Ra)?'. Inhibition of signalling by binding to (and
sequestering) stimulatory ligands is much more common, and also
seems to be how Argos functions. This mechanism is used by soluble
decoy receptors such as osteoprotegerin®, by the IGF-binding
proteins' and by BMP antagonists such as Noggin, Chordin and
DAN family proteins'®, Interestingly, just as Spitz and its antagonist
(Argos) both contain critical EGF-like motifs, so are BMPs and their
antagonists (for example, Noggin) structurally related, by sharing a
cystine knot topology™.

Our finding that Argos functions as a Spitz-induced Spitz
antagonist suggests a new model for its mechanism of action in
vivo. Rather than acting as a direct long range DER inhibitor as
previously hypothesized™’, the fact that Argos sequesters Spitz and
is induced by high levels of Spitz (or other DER agonists) suggests
that the long range effects of Argos may be mediated by its influence
on Spitz distribution. In other words, Argos may act locally to
restrict further Spitz signalling and/or to limit delivery of active
Spitz to distant cells. Computational modelling of DER/Spitz/Argos
interactions in tissues™?*, based on the findings reported here, is
required to evaluate this possibility. Our preliminary modelling
results with Drosophila ventral ectoderm patterning suggest that
efficient Spitz sequestration by Argos is key for explaining the
existing data and for providing a robust feedback mechanism that
modulates the secreted Spitz gradient. In our models, Argos action
over only a short range can effectively limit the longer range of Spitz
signalling.

Future studies are required to determine whether the other
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Figure 3 Argos does not displace Spitz pre-bound to cell surface DER. a, Western blot
showing DER phosphorylation in serum-starved D2f cells left untreated (), treated with
30 nM Spitz alone on ice (Spi) or treated with 30 nM Spitz plus 300 nM Argos in the order
indicated. b, Paralle! experiments analysing the effect of adding 1 wM unlabelled Argos on
Spitz—488 hinding {at 100 nM) to living D2f cells. Histograms describe cellular distribution
of fluorescence intensity for each experiment (see Methods), plus a control experiment in
which Spitz-488 was added to parental cells ("S2 Spi only'). The percentage of cells with

EGFR-activating ligands in Drosophila® (Gurken, Keren and Vein)
are also affected by Argos, and whether a mammalian Argos
equivalent exists. Finally, our demonstration that Argos efficiently
sequesters an activating ligand may provide the basis for developing
novel related agents that can neutralize EGFR ligands when their
overexpression contributes to human cancers™®, n|

Methods
Production of Argos, Spitz and sDER2

A hexahistidine tag followed by a stop codon was introduced by polymerase chain reaction
(PCR} after the C terminus of Argos (residue 444), after Pro 128 of Spitz and after Lys 861
of the DER2 extracellular region. Coding regions were subcloned into pMT/VS-HisA
(Invitrogen) for S2 cell secretion (using the native signal sequences). The Spitz EGF
domain (amino acids 67-128) and C-terminal Argos fragment (amino acids 224-444)
used the BiP signal sequence, Plasmids were co-transfected with pCo-Hygro into S2 cells,
and expressing pools were selected with hygromycin, Resistant cells were grown to 4 X 10°
cells per ml in glutamine-supplemented DES serum-free expression medium (Invitrogen),
and induced for 34 days with 0.5 mM Cu,SO,. Medium was collected, diafiltered against
3-5 volumes of 150 mM NaCl and 25 mM HEPES at pH 8, and protein was purified as
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fluorescence intensity >500 (filled bars) is reported above each graph. Spitz—488 alone,
Spi; pre-mixed Spitz and Argos, Spi + Aos; Aos — Spiand Spi — Aos are defined in the
text; addition of premixed Argos, Spitz and heparin, Spi + Aos + heparin (30 pgmi ™V in
a, 20 ugml™" in b). ¢, Coomassie-stained SDS—PAGE gel shows Argos (50 pgm ™" in
input) but not Spitz (4 kg mI~" In input) sedimenting with excess heparin-sepharose
beads (washed with 150 mM NaCl buffer). Both Argos and Spitz sediment from an Argos/
Spitz mixture, indicating that heparin-bound Argos retains Spitz-binding capacity.

described™. As previously reported?, secreted Spitz has an anomalously high apparent
molecular weight (~28 kDa) in SDS-polyacrylamide gel electrophoresis (PAGE) (Fig. 3¢),
as frequently seen for small glycoproteins, Mass spectrometry {not shown) and analytical
ultracentrifugation (Fig. 1d) confirmed that it was ~16 kDa. The identity of purified
Argos was confirmed by amino-terminal amino acid sequencing. All in vitro
measurements were performed in 10 mM Hepes buffer at pH 7.4, containing 150 mM
NaCl, 3mM EDTA and 0.005% Surfactant P20 at 25°C.

SPR analysis

Proteins were immobilized on CMS5 sensorchips by amine-coupling as described®, with
pre-concentration in acctate buffer at pH 5 (Argos and Spitz), pH 5.5 (sDER2) or pH 3.0
(Spitz EGF motif). The signal from immobilization was 5,500 RUs (Spitz), 8,000 RUs
(Argos), 14,000 RUs (sDER2) and 700 RUs (Spitz EGF motif). Binding curves were
generated and analysed as described?, using 50 ul injections (at 10 plmin™") for
sDER/Spitz interactions, and 240 pl injections for Argos/Spitz binding (to ensure that
steady state was reached). Binding surfaces were regenerated between points using 10 pl of
1M NaClin 10 mM glycine, pH 3.0 (for Argos/Spitz binding) or in 10 mM acetate, pH 4.5
(sDER2/Spitz binding). Controls established that regeneration did not impair binding
capacity (or affinity characteristics) of each sensorchip surface in a given experiment. K 4 is
quoted as the mean * s.d. for at least three experiments.
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Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed at 25°C with 5 uM protein in a
Beckman XL-A centrifuge, and analysed exactly as described™. Rotor speeds were

8,000 rpm for Fig. 1d and 5,000 rpm for Fig. le. Data are plotted in Fig. 1 as the natural
logarithm of the 280 nm absorbance (In{A y50)) against a function of the square of the
radius ((r* — r2)/2). For a single species, this plot gives a straight line with gradient
proportional to molecular mass. Molecular masses are quoted as the means £ s.d. of at
least three independent determinations.

Analysis of DER activation

DER2-expressing S2 cells (D2f) were kindly provided by B.-Z. Shilo?. Cells were serum-
starved overnight. DER expression was induced for 3 h with 60 M Cu80,, and the
receptor was activated with the indicated Spite concentrations (in Figs 2b and 3a) on ice
for 10 min, in 25 mM Tris-HCl at pH 7.4, 120 mM NaCl, 5 mM KCl, 1.2 mM MgCl,, 0.1%
{w/v} bovine serum albumin and 1 mM dextrose. Cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer containing phosphatase inhibitors.
Clarified RIPA-lysates were analysed by western blotting with anti-phosphotyrosine
antibodies (pY20; Santa Cruz) and (for normalization) a rabbit polyclonal antibody
against the DER C terminus {a gift from J. Duffy), followed by relevant HRP-conjugated
secondary antibodies for enhanced chemiluminescence detection.

Analysis of cell surface binding by fluorescently-labelled proteins

Purified Spitz and Argos were labelled with Alexa Fluor-488 and -633 kits respectively
{Molecular Probes), to give Spitz—488 and Argos—633. Labelled (or unlabelled) proteins
were added at 100 nM to DER2-expressing D2f cells (serum-starved overnight) in PBS/1%
BSA. Incubations were performed at room temperature (Fig. 2¢, d) or on ice (Fig. 3b).
Living cells were washed three times with PRS/1% BSA, and inspected by fluorescence
microscopy with appropriate filter-sets at room temperature. The mean pixel intensity was
calculated for each cell in the field (values ranged from 0 to 3,000), corrected for
background fluorescence, and this value was averaged over all cells (>>100) to give the
‘fluorescence intensity’ (in arbitrary units) for that experiment. The mean of this value
(*s.d.) was plotted (Fig. 2d). For order-of-addition experiments (Fig. 3b), cells were
treated (on ice) for 1 min with the first ligand (or mixture), rinsed with cold PBS/1% BSA,
and then incubated (on ice) with the second ligand (or mixture). Living cells were then
inspected by fluorescence microscopy at room temperature. The mean pixel intensity was
calculated for each cell (range from 0 to 3,000), and its distribution for each experiment
was plotted (Fig. 3b). To investigate HSPG-dependent binding of Argos to the cell surface,
low molecular weight (5 kDa) heparin was added to cells alongside Argos—633 (where
indicated) at a final concentration of 10pgml™ ',
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of cohesin at interphase
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Sister chromatids are held together by cohesins'. At anaphase,
separase is activated by degradation of its inhibitory partner,
securin®’, Separase then cleaves cohesins™™, thus allowing sister
chromatid separation. Fission yeast securin (Cut2) has destruc-
tion boxes and a separase (Cutl) interaction site in the amino and
carboxyl terminus, respectively”®, Here we show that securin is
essential for separase stability and also for proper repair of DNA
damaged by ultraviolet, X-ray and y-ray irradiation. The cut2#4?
mutant is defective in the repair of ultraviolet damage lesions,
although the DNA damage checkpoint is activated normally. In
double mutant analysis of ultraviolet sensitivity, checkpoint
kinase chkl (ref. 9) and excision repair rad13 (ref. 10) mutants
were additive with cut254%, whereas recombination repair rhp51
(ref. 11) and cohesin subunit rad21 (ref. 12) mutants were not.
Cohesin was hyper-modified on ultraviolet irradiation in a Rad3
kinase-dependent way'®. Experiments using either mutant cohe-
sin that cannot be cleaved by separase or a protease-dead separase
provide evidence that this DNA repair function of securin-
separase acts through the cleavage of cohesin. We propose that
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